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ABSTRACT

The difficulty of making changes to the internathatecture
has spawned widespread interest in virtualizedbéetst as a
place to deploy new services. Despite the excitéme
uncertainty surrounds the question of how techriefbgan
bridge the gap from testbed to global availabilityt is
recognized that no amount of validation will spaday’s
ISPs to make architectural changes, so the testbeli
must somehow provide global availability. We inigste
whether a virtualized architecture that is wideffered by
commercial ISPs would support the adoption of new
services or upgrades to the infrastructure, andheindSPs
would ever support such an architecture. Accordingur
economic analysis, the answer depends criticallyhow
money flows to network and service providers. Hé't
virtualized network inherits the market structurevalent
on the internet today, which we calktwork-gatekeeper
investment levels are likely to be poor. On thieeothand,
we identify two superior market typemix-and-matchand
service-gatekeepewhich can improve incentives to invest
in services, and even in network upgrades. Weudssbow
these market types may be implemented.

Categories and Subject Descriptors

C.2.4 Computer-Communication Networks]: Distributed
Systems; J.4 Yocial And Behavioral Sciences|:
Economics

General Terms
Design, Economics, Theory, Legal Aspects

Keywords
Virtualization, Technology Adoption, Supply Chains,
Evolution, Innovation, Clean-Slate Design.

1. INTRODUCTION

The gulf between the internet we have and the nistewe
want seems wider today than ever before. For dscad
researchers have identified ways to improve thevord,
calling for such things as quality of service, nualst
capability, mobility support, and IPv6. More retign
several large-scale research projects have bekedtasgth
redesigning the internet from scratch, further exidag our
view of potential capabilities [1][6][15]. Unfontately,
even as our aspirations have risen, the netwoukénby the
vast majority of users has remained stagnant, amh e
ossified [3][12]. Many studies have noted the rinéd's
resistance to evolution [3][5][8][10][11][12][13]@&[17].
Internet service providers are the gatekeepers np a
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architectural change, and we now accept that taely the
economic incentives to adopt new technologies 13]][

Faced with the impossibility of changing the intfrn
directly, attention has recently shifted to largels

experimental testbeds as an alternate place tmyemw

technologies. These flexible platforms can be g wf as

meta-networks, capable of simulating a wide-variefy
architectures. Several testbeds are now in der@ap

including the Global Environment for Network Inndizas

(GENI), a collaboration among 29 initial researelans

that may cost $350 million and connect 100,000ug&r

Despite the excitement, uncertainty surrounds thestipn
of how technologies can eventually bridge the gapnfa
testbed to global availability by end-users. Inaaonical
paper, Peterson et al. point out that no amourtldation
on a separate testbed will induce today’s ISPsfdament
significant changes to the internet architectur2].[1The
obstacles preventing adoption are simply not telcgical,
but rather economic. This means that if new teldgies
are to reach a global population of users, thdéekitself
must provide global availability.

What are the chances, then, that today’s ISPs (mwaset

of ISPs) could be convinced to support GENI, or any
similar architecture, expanding it to global prapmrs?
Moreover, would such a network, spanning a greathar

of providers, be more evolvable than today’s ing&Pn To
answer these questions, this study will analyze the
economic incentives surrounding virtualized testhed

1.1 Three Supply Chains

Alarmingly, for all the resources invested in depihg the
technical aspects of testbeds, rather little iswkm@bout
their economic properties. In the worst case, 18Ry
agree to support a virtualized architecture, buisinon
retaining their current role as gatekeepers, sabpethich
protocols to allow in their domains. If nothingelis done
to alter the nature of payments, the virtualizechéecture
will act as nothing more than a technical lubri¢atibwing
ISPs to install new technologies with greater eaBg. all

accounts, today’s lack of evolvability has nothiaglo with
technical barriers, so this is unlikely to brea& timpasse.

As these observations suggest, the behavior oktheed
depends crucially on who selects the technologdias fun
on the network. We will therefore embed this ckois a
central feature of our network model.

A typical design for a virtualized architecture tms
around avirtualization interface This is an abstraction that
hides the implementation of the infrastructure beland
allows multiple technologies to run on top of ih keeping
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Figure 1: Structure of a Virtualized Architecture

with previous work [5][9][17], we will refer to the
architecture below the virtualization interfacenasworkor

of IP level routes, IP level multicast transmissioor cell
phone transmissions. All of these may be undedsta®
network-gatekeeper markets, in which the netwodvigier
itself provides any available protocol. In prifeip an
entrepreneur would be free to form a service prvitb
provide an alternate protocol, but she would hawe t
convince network providers to purchase it (or execept it
for free). Without their cooperation, users cawehao
access to the new technology.

infrastructure and the architecture above the interface as Of course, our entrepreneur would be interestestéoif her
services As shown in Figure 1, we imagine that the service could be implemented at the applicatioreday

network is operated by a set of network providétPg),
and the services are operated by a set of servimaders
(SPs, see [17] for a technical discussion of hoehsan
architecture may be implemented).

In order to make use of a service, an end-user neid
both a network provider and a service provider, aadh
will need money to finance
Examining our abstraction, we see that there areeth
canonical ways that money can flow through thisesys
First, as depicted in Figur2A, the end-user can pay the
network provider, who passes on a payment to thécee
provider. Economic viability also dictates tha¢ thetwork
provider gets to select the service provider (& #ervice
provider were selected by the user, it could chagenuch
as it wanted from the network provider).

We will call this arrangement a network-gatekeaparket,
since a new service cannot be deployed withoutdmsent
of the network provider. A good example of a netwo
gatekeeper market involves cable television. Is tase,
the network provider is a cable operator, and #wice
providers are cable television networks. An engkus not
allowed to contract directly with television netisrto
purchase channels she is interested in. Insthadzhannel
lineup is controlled by the cable operator, whocpases
content on the user’s behalf.

its cost of operation.

bypassing the need for ISP cooperation. For exampl
telephone service can be implemented as a netvaysg |
service, or as an application over IP. In theetatBse, it is
end-users who choose a VolP service provider, ek tis
little network providers can do to interfere. lede this is
the idea behind our second canonical market type.

As depicted in Figur@.B, an end-user can independently
select a network provider and a service providad pay
each of them directly. We will call this scenagianix-and-
match market. Such markets are common for servics
can run on top of the internet, including onlin@res,
multiplayer games, and photo-sharing sites.

In many cases, service providers in a mix-and-matatket
do not charge users directly, but rather earn nexeérom
advertising. Online newspapers, file-sharing nekksoand
social networking applications are likely to operat this
way. While this is an interesting strategy fronbwsiness
perspective, we will set it aside for the curretuidg. For
our purposes, advertising and direct payments bawiar
properties, and we will not worry about the distiog.

One final possibility remains for the flow of mongyough
a virtualized architecture, which we will call argee-
gatekeeper market. As depicted in Fig2i@€, an end-user
may contract directly with a service provider, whelects
and pays a network provider for use of the undeglyi

In many cases, the network provider and the serviceinfrastructure.

provider in a network-gatekeeper market are theestum.
Able to choose any service provider it wants, iougtl
come as no surprise that a network provider witemf
plump for itself, and avoid having to split profitsith
another firm. For example, Ratnasamy et al. camside
possibility of network evolution through competingtwork
layer protocols [13]. The IP layer network cantaely be
considered as a service in our model, and soms usight
prefer, say, IPv6 over IPv4. The choice is madedtyork
providers, however, who generally choose a singbtopol
that they can supply themselves.

Similarly, end-users have no say in what protosoused
for their traditional (non-VolP) telephone serviseection

! Advertising revenue can be thought of as a payrfremt end-
users directly to cable networks, so this exampleschot fit the
network-gatekeeper market perfectly.

An example of a service-gatekeeper market may badfo
in unbundling-based ISPs — providers that do nat dweir
own cables, but purchase connectivity from an ugihey
network provider. Of course, such ISPs often have
compete against the underlying network’s own IRviser
so that network may not want to offer the unburgilimsed
ISP a good price. The situation may be differemwéver,
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Figure2: Monetary Flowsin aVirtualized Architecture



if a regulator forbids vertical integration betweeetwork
and service providers. That is the situation wiefatus on
in this study.

It is worth noting how our three monetary pathsespond
to the economic notion of supply chains. In thislagy, a
service provider and a network provider each preduoe

is what allows network providers to elevate priegmve
marginal cost — a prominent feature of today’'s reark
Third, we want our model to be tractable, yieldeigsed-
form solutions.

To the best of our knowledge, no previous framewiark
economics is capable of meeting these criteria. aGigh

of two inputs that must be combined to make a final level, our strategy will be to represent the enerusarket

product. If we were to reverse the direction aftearrow

in Figure 2, they could represent the direction in which
these inputs were sold, much like a supply chaagm@im.
For example, in the network-gatekeeper marketséreice
provider sells a service input to the network pdevj who
assembles both inputs into a complete productdhatbe
sold to the end-user. Although supply chains hlagen
thoroughly studied in economics, a virtualized &etture

is rather unique in the flexibility we have to nearge the
order of production.

We should admit that the market types we have de=tr

are somewhat idealized; many services we observe inCournot competition.

today’s industry do not align perfectly with anytbé three.
Nevertheless, we believe that the three marketshavee

identified are natural representatives of the beoapace.
In the spirit of clean-slate design, we will focos these
three in order to gain a broad view of how our gesi
choices affect economic outcomes.

The market types that exist in today’s internet tHrere
more by accident than by design; they are the tresful
founding-era engineering decisions molded by tgssle
among network players. As we design our next geier
network, however, we have an opportunity to choose
network services should be financed.

immense, if not definitive, effect on how evolvaliee
architecture is. Many of the services that ararfoed by a
mix-and-match market — social networking sites,raea
engines, file-sharing networks — are renownedHerrate at
which new innovations replace old ones. Meanwtihe,
network-layer architecture, financed by a network-
gatekeeper market, is stagnant and ossified [3][12]

Motivated by these observations, this study willlduan
economic model to analyze our three market typaging
particular attention to the incentives firms hagédrvest in
service innovations, and to upgrade the infrastingct The
rest of this paper is organized as follows: Int®&c2, we
will set up our economic model. In Section 3, wi#l w
proceed to analyze each of our three market typhs.
Section 4, we will discuss implementation issuesl an
conclude the paper.

2. MODEL SETUP

Our modeling framework is designed to meet threénma
criteria. First, it must be capable of representiti three
market types. Second, it must allow consumerswitcls
gradually among products, not all together as aditional
price competition. This “softness” in the consurdemand

Even casualihe
observation suggests that this decision can have an

with Cournot, or quantity, competition. On the atlnand,
we will use price competition to represent exchange
between firms. This distinction captures the nottbat
firms are more discerning buyers than end-usemsnsFare
more likely than consumers to carefully comparerakte
products and review their choices regularly, foaraple.

While these games are standard throughout econpomes
major obstacle prevents us from applying them tirec
Recall that a mix-and-match market allows both oekw
providers and service providers to sell directhetal-users.
We would therefore like to model both exchangesaisi
Classic Cournot games cannot
combine in this fashion, however — if both types of
providers choose quantities, there is no guaratttaethe
total quantities of network and service will match!

In response, our main analytic achievement is
reformulate the classic Cournot theory so thatxieeds
naturally to the mix-and-match market. We presamtfull
theory in the appendix, using an axiomatic approach

to

2.1 Measuring investment
We begin with a duopoly of network provide{siP,, NP, },

and a set ofn service providers{SP,,...,SP ]. Let x be
quantity of network, and y; be the quantity of service

We

assume that prices are given by an inverse demaatidn,
t={t} , where t;(X,%, %,...Y, ) is the price of the

combination of network and servicg as a function of
quantities. For each market type, we will begithvé base
case in which demand is equal for all product comtibns,

t=1-> " % =1-3" y , foralli,j. @)

This linear form is standard in economics. Ourestment
model draws heavily upon the game-theoretic literabn
innovation [14]. In accordance with this lineages will

refer to investment opportunities in servicesnemvations
On the other hand, when an investment improvestiadity
of the network, we will yield to common parlancedaefer
to it as arupgrade

We represent an investment opportunity by its gtiten
ad[0,1), and assume that it enhances demandzby
whereb is the user base. For example, if;®ests in an
upgrade of strengtlh, demand for product combinations
involving networki increases byrx ,

j. Our assumptions will ensure thatx ="y .

tij”e“’:l;j +ax , for all]

)



This form assumes that innovations and upgrades are

subject to network effects. This is the “hard Cafee

tilzl_zyj tay, (%)

deployment, because a technology does not have mucklaim 1: For a<3/4, the incentive to invest in service

value if only a portion of providers adopt it. $hHmplies
that a small
competitive advantage over their rivals (such cditipe
advantages are used to support adoption in [4[IB}[
On the other hand, the technology will achieverigsscimum
value if all providers adopt it, but then no firnashany
competitive advantage so profits may not rise bghmu

Following a standard technique from economics sietbe
the profit a firm makes in the base case, aida) be its

profit if it invests in an innovation of strengéh Define the
incentive to invest, as the difference between these,

|(a) =" (a) - 1" 3)

We will write this asI™ for a network provider and®”
for a service provider. The incentive to investhis most a
rational firm would be willing to invest to depldhe new
technology [10][14].

3. ANALYSISOF MARKET TYPES

To give some sense of scale to the values we aret ab
compute, it helps to have a benchmark for comparisd
good one to use is the profit and incentives fabgda
monopolist,M, which provides both the network and the
service. In the base case, the monopolist facemne,

ty, =1-x, , with well-known maximum profitrz, =1/4.

With a service innovation or network upgrade, detnan

becomesd,, =1- (1-a)x, . The maximum profit may be
computed ag,, :#, so the incentive to invest is,
4(1-a)
May= ot -r=d @

41-a) 4 a@a)

By comparing the performance of our three markpésyto
this benchmark, we will effectively measure how imuc
investment can be attributed to the presence opetition.

3.1 TheNetwork-Gatekeeper Market

Our network-gatekeeper game proceeds as follows:

Stage 1: Service providers selects pricgls {
Stage 2: Network providers select service providers
Stage 3: Network providers choose quantities, x,)

If NP; selects SPits profitis x (f, —5). If SH is selected
by NPs choosing total quantigy, its profitis s, y, .

First, we ask what happens when a service innavaifo

size a is offered to SR To simplify the expression in
Claim 1, we assume& <3/4. This only leaves out the
very largest innovations, those that at least quadrthe

potential consumer market. If the provider invedemand

for product combinations that include ;SRcreases to

group of adopters cannot gain much

innovations in the network-gatekeeper market is
_ 150 -1@*

@) 541-a ¥

(6)

which is never more than 10% greater thdi(a)

The full computation involves an extensive casezhge

analysis; a proof sketch is provided in the appendihe

service-gatekeeper market does not provide sultgnt
more incentive for service innovations than the opmiist

benchmark. In fact, the monopolist actually enjgysater

incentive for large:.

Next, we ask what happens when a network upgradeef
a is offered to NR. If the provider invests, demand for
product combinations that include NiRcreases to

ty =1-) % +ax @)

Claim 2: The incentive to invest in network upgrades in
the network-gatekeeper market is,

as-lep ..,
9(3- ’
INP(O,): (5+jg)2 (8)
— = a=1/2
36(1-a)

The proof is given in the appendix. This incentige
plotted as the bottom line in Figure 3, scaled hg t
monopolist benchmark. For small innovations, a
monopolist enjoys higher incentives to invest, siitaearns
the maximum possible profit from the higher tecloggl
Meanwhile, the firm in our network gatekeeper does
have enough market share to gain much value fran th
upgrade. Asx increases, though, its incentive to upgrade
rises quickly as it steals market share from ialri There

is a discontinuity atr =1/ 2, as the rival network provider
is driven completely from the market. Above ttesdl, the
graph appears to drop, but that is an artifactosimalizing

by the monopolist benchmark. In fact, the absolute
inventive continues to increase for stronger upgsad
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strength of network upgrade
Figure 3: Incentive to upgrade network across three
mar ket types, relative to monopolist benchmark



3.2 TheMix-and-Match Mar ket

To model the mix-and-match market, we apply our new

theory of Cournot competition, in which firms sdlec

guantity restrictions Details may be found in the appendix.

Stage 1: Each NPand each SPselects quantity
restrictionsX and y, , respectively.

Claim 3: In the mix-and-match market, the incentive to
invest in a service innovation is given by,
(34;2)2, a<l1/2
1%°(a) = 4 9)
—, a=1/2
25(1-a)

The proof is given in the appendix. This incentige
plotted as the middle line in Figure 4. For neallyvalues
of a, the mix-and-match market yields a higher incentiv
invest than the network-gatekeeper market. Thierdifice
is the most dramatic for small innovations, whére mix-
and-match market offers a 60 percent improvement.

Intuitively, this market is better at aligning actowith
technologies. In the network-gatekeeper markesgraice
must be sold to multiple network providers, aftdriah it

.
i

-...,,éfrvice-gatekeeper

T~

mix-and-match \
__‘_‘_'_‘—ln—_
\h-_-_-_-—-
network-gatekeeper

T T T

0 0.2 04 0.6

strength of service innovation

Figure4: Incentivefor service innovation acrossthree
mar ket types, relative to monopolist benchmark
can tailor the supply of each service independetuly
maximize profits. For example, a network operatary try
to sell more telephone service than IP service.a mix-
and-match market, however, a network provider caly o
choose a single quantity of the network input. Télative
amounts of each service are determined by the ditiope
between service providers.
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Unable to discriminate, network providers are ki face
lower profits in the mix-and-match market. Theeantive
to upgrade the network, though, may increase oredse,

depending on how an upgrade affects each service.

3.3 The Service-Gatekeeper Market
Our service-gatekeeper market game proceeds asvfoll

essentially has to compete against itself. The-ano-
match market largely avoids this situation, clegiine way
for services to compete against each other.

Our model reveals a tension between short-ternsieffty
and long-term development. The mix-and-match ntarke
allows a service provider to profitably invest inwader
range of innovations than the network-gatekeepeaketa
Of course, there are technologies that are valualble
inexpensive enough that they would be deployedithee
market. For those cases, it can be shown thanhtkend-
match market results in lower social welfare andelo
consumer surplus than the network-gatekeeper market

Claim 4: The incentive to invest in a network upgrade in

Stage 1: Network providers select priggsr,)

Stage 2: Service providers select network providers
Stage 3: Service providers choose quantityes,

If SA selects NRit earns profity, (t, =) . If NP, is
selected by SPs with total quantityit earns profitr.x; .

Claim 5: The incentive to invest in a service innovation
the service-gatekeeper market is,

. X . a, a<1l/2
the mix-and-match market is the same as in the orktw _
gatekeeper market, lse(@)=9 1 a>1/2 (11)
41-a)
15-16r pr a<l/2

- 9(3-4af ' The proof follows a similar structure to that ofa@h 3 and

1™ (a) = (10) we omit it. This incentive is plotted as the tdpel in

5+ 4a : ; .
—, az=1/2 Figure 4. For alk, the service-gatekeeper market provides

36(1-a) substantially more incentive to innovate than thieeptwo

The proof follows a similar procedure to that ofig 2, ~ — More than twice as much for small values.of

and we omit it. The mix-and-match market maintetimes Moreover, unlike the mix-and-match market, this raxt
Cournot competition between network providers, Iseirt incentive to innovate does not come at the exparise
incentives to upgrade do not change in our modélere is welfare or consumer surplus. Because the network
one important difference between the two markets, providers do not act to elevate prices, it canlimwve that

however, that our model cannot detect. This comgs both measures are higher in the service-gatekeapset.
play when there are multiple service classes. Intuitively, the  service-gatekeeper market makes

Intuitively, different types of services may varyterms of
how valuable they are and the size of their poaéniser
base. In a network-gatekeeper market, networkigeos

competition between the network providers verycstriAs
a result, they do not elevate prices or restrietamount of
network available to consumers. A service provigigh an



innovation can therefore sell it to the maximum giole supports by far the least service innovation, s® ¢nd
consumer population. Like the mix-and-match markest result might be a new network that replicates tagrsation
service-gatekeeper market allows services to canpet in today’s network layer.

directly against each other. In addition, thouigtgwards By contrast, we have identified two alternate matgpes

all of the reward for a service innovation to t&V&ce 51 make better choices. A mix-and-match market ¢
providers, rather than sharing some of it with tig@work jycrease incentives for service innovation by up6as.

providers. These factors make the service-gatekeep Tpgt figure rises to over 300% for a service-gagpie
market the clear winner in terms of service innimrat

market. This market also dramatically enhances
The success of this market depends, in part, on theinvestments to upgrade infrastructure, and improvel$are
separation between the network and service markétbe and consumer surplus. Unfortunately, network piess

NPs are vertically integrated with service provigjethey may oppose these alternate markets, as they magthess
may drive out third-party SPs and turn that maikét a profit, at least in the base case. The succesthaxe
duopoly. This suggests that a service-gatekeepekenis markets may thus depend on involvement from regrdat

best paired with regulation to limit vertical intagon. Though we are proposing substantial changes tontye
One might worry, of course, that this extra service networks and services are financed, we believe that
innovation comes at the expense of network upgradesimplementing a virtualized architecture with a raixd-
Indeed, this is a common theme in today’'s netwarkcp match or service-gatekeeper market is within reach.
debates. The next claim shows that this is notése. Existing proposals for next-generation architecgturan be
adapted to support these market types. The Caberne
architecture, in particular, features a connedgtilater that
abstracts multiple network providers underneath, alows
IN(a) =-1+1/N1~a (12) multiple services to coexist on top [17]. It tHutfills the

role of the virtualization interface in Figure To support a
service-gatekeeper market, the connectivity layeulds
further have to transmit price and traffic inforioat
between network providers and service providers.

One of the benefits of the service-gatekeeper maskibat
diverse service providers can select the best mksnor
their specific requirements. We therefore expectises to
thrive when there are as many choices for the Uyidgr
network as possible. This suggests a synergy leetvee
service-gatekeeper market and multi-homing, whithws
network devices to connect to more than one access
It is a feature of our service-gatekeeper modeldhdy one network. Some mobile phones already do this today,

network provider can earn a profit at a time. THS  switching seamlessly between cellular and wifi rerks.
because we have assumed only one class of servife.

can imagine that with multiple classes, serviceviglers
might arrange themselves into different networksme
seeking a low price, perhaps, while others seekitjeest
possible performance. In fact, we may speculaté dler
time, providers may try to distinguish themselveg b
tailoring their networks to particular classes efvice. By
diversifying in this way, network providers can akrn a
positive profit, while also enabling a broader rangf
services on the network.

Claim 6: The incentive to invest in a network upgrade in
the service-gatekeeper market is

A proof sketch is given in the appendix. This mmiee is
plotted as the top line in Figure 3. Surprisindty; all «,
the service-gatekeeper market offers more incenfire
network upgrades — almost three times as muchfail &.

The service gatekeeper market offers the most tiveeto
invest in network upgrades, even though networkigeys
earn zero profit in the base case. Because thdceer
gatekeeper market makes network competition much
stricter, consumers will flock to the provider tltain offer a
better deal, offering a strong reward for investimen

Multi-homing would enable the benefits of a service
gatekeeper market to extend throughout the netvadrkhe
way to the end-user. Without multi-homing, service
providers cannot select a user’s first hop, whiehlly
becomes the user’s choice. Even so, the serviekemper
market continues to enhance incentives for service
innovation — at worst, it just becomes equivalenatmix-
and-match market. As the amount of multi-homingtlos
network increases, however, service providers Bisselect
among access networks, and the access market become
4. DISCUSSION stricter, yielding greater incentives for both seev

If next-generation architectures are to move from a innovation and network upgrade.

community of researchers to global deployment, rthei

behavior will increasingly be governed by econofoices. 5. ACKNOWLEDGEMENTS
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7. APPENDIX
A new theory of Cournot competition

We begin with just a single type of provider tadtrate our
strategy. In the classic linear Cournot gamet afe firms
select quantities|x} ., , and prices are determined by a

demand functiont=N-> x . Here,N represents the

maximum population of buyers. We will focus, hoeev
not on how much of the market the firms supply, tatber
on how much of the market they decide to leave ppoiéed.

Define the quantity restriction for firm X , to be how

many fewer customers the firm supplies than it wdcdve
if all customers were divided equallg; = N/ n— x. This

form is chosen so that the total quantity restittis the
number of unsupplied consumers:

2X=N-2 %

Because there is a one-to-one correspondence betwee
quantities and quantity restrictions, our game udlyf
equivalent when firms choose quantity restrictiomstead

of quantities.

If this change of decision variables strikes thade¥ as
somewhat artificial, rest assured that it may besmered
temporary. Quantity restrictions will give us aural way
to join two Cournot games together to form a twaesi
market. In the end, though, we will see that esidk faces
a regular Cournot game in Nash equilibrium, andghme
may be rephrased in terms of quantities.

Moving on to our network setting, assume a duopfly
network providers{NP,,NP,} , and a set oim service

providers,{SR,,...,SP ]. Let x be the quantity of network
i, and y; be the quantity of servicg. Furthermore,

(13)

letx = (x,%,) andy =(y,,....Y,,) be the vectors of all such
quantities. We now assume a demand functiedt;} ,
wheret; (X,y) is the price of the combination of netwark

and servicej as a function of quantities. L&t be the
maximum population of buyers (technically, the maim
total quantity for which total profit calculatedrttugh t

may be non-negative).

We now extend Cournot competition to a two-sidedkeia
as follows: Each network provider, NPand service
provider, SR simultaneously chooses a quantity restriction,
labeledx and y,, respectively. We will lek = (X;,...,X,)

and y=(%,...Y,) be the vectors of all quantity
restrictions. We then compute quantitiess (x,...,%,)

andy = (Yy,-..Y,) as,
N-2.% . N-> % .
&:%—X’ yj:%—y (14)

This form ensures, as before, that the total gtanti
restriction is the total number of unsupplied canets,



YEATGEN-Tx=N-Ty. (9
We will assume that our demand function is separaiib
a network component and a service component, as,

t =4 () +v(y), (16)
for some functions), andv; (Note that this separation will
not be unique). This assumption means that thexena

complementarities between network technologies and

service technologies. We will need it to ensua fhrices
remain continuous in supply.

Let the price for network provider NiBe r,(X,y), and the
price for service provider $Pbe s (x,¥) . In classic

Cournot competition, there is a unique set of grisach
that demand is fulfiled and consumers are indéfer
between purchasing all products. Unfortunatelg, shme
will not hold in our two-sided market, because giamy set
of prices that fulfills demand, any amount of momay be
subtracted from the network providers’ prices addeal to
the service providers’' prices without affecting tfieal
prices seen by consumers. We will therefore needem
assumptions to identify the most natural set ofgwi Our
approach will use the following four:

1: Demand is fulfilledt; (x,y) =1 (x,y) +s; (X,y) .

2: Prices on one side depend only on the totalicésh

on the other side, not individual actions. That is

=00 X DY) ands = § Q0% Vo W)-

3: When the domain is restricted to a fixed supply,

(x*, y*) , prices are linear i,y .

4: If either side of the market does not restrigarmity
at all, the maximum total profit for that side isra.

Theorem 1: There exists a unique set of price functions,

{r} and{s} , such that assumptions 1-4 are fulfilled.

Proof: First, assume that the price functiofig, and
{s} , fuffill assumption 1. Then for any two network

providers,i #i', and an arbitrary service provider, j, we

may write
n=r.=t,-s, —t, +s =y+y-u-v=u-,u, so

r, must take the formr, =u, +c, wherec(X,y) is a
real-valued function of the decision variables. eith
s, =% -r=y+y-y-c=y- ¢ Conversely, given
any function c, the price functions,r, =u, +c ,

s, =V — c will fulfill assumption 1, sincer, +s; =t .
We therefore need only show that there exists gueni
¢, such that the resulting price functions fulfill
assumptions 2,3,and 4.

Next, assume that a functiam{X,y) and the resulting
price functions fulfill assumption 2. We know clgas

to y that preservey_ ¥, do not affectr, =u, (x)+c .
Therefore, such changes must also leawschanged.
Similarly, changes t& that do not affec)_ % cannot
affect ¢, so we may witec=c} %> ¥) .
Conversely, it is easy to see that for angf this form,
the resulting functions r, =u, +c(>_%,> ¥) ., and

s, =v-q) %> y) fulfil assumption 2. We
therefore need only show that there exists a unique
c(Q.%.2. %) such that the resulting price functions
fulfill assumptions 3 and 4.

Next, assume that a functioe(D %,> %), and the

resulting price functions fulfill assumption 3. xFa
supply vector,(x*,...,x.* ¥* ..., ¥ , and note that

this also fixese=) %+> ¥ .  Since within this
domain,r, =u, +c, ands, =v - c are linear, andi
andyv, are fixed, c must be linear, and we may write the
relation,

QX2 %)=

Thus, c¢ is completely determined by its intercepts.
Conversely, given any interceptsc(Ziq,O) and

c(80)) %+ 0,8}y _

e
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c(O,Z §/j ), it is easy to see that the function formed by

linearly extending it in the manner of (17) resuilts
price functions that fulfill assumption 3. We thfare

need only show that there exist unique intercepies
for ¢, such that the resulting price functions ifulf
assumption 4.

Finally, for any 'y, , with "% =0, the total profit to
the network providers is,

Yxr =% (4 +d0 X ¥)) = xyu+ €0,y y)

(18)
with a maximum ofmax)_x,u +nc(0>.y ). Note
that this maximum is zero for a unique value of
c(0,>.9,). Similarly, for any> X , with >°§, =0,
there is unique value of:(ZX,O) such that the

maximum profit to the service providers is zerohe3e
are the unique intercept values such that the tiegul
price functions fulfill assumption 4, which comm@stthe
proof. o

We have constructed our two-sided Cournot gamdilineu
the most general demand function possible. Ouy onl
assumption was that the range of supply for whiemmahd
is positive is bounded. To further demonstrate sy



extension is a natural one, we may now restricthe
simpler case we will actually use. Let demapde linear,

and suppose that there is a particular product auatibn
that is always “best”: For any fixed total suppdelling this
product by itself attains the maximum possible dedna
We will call this the single best product assumption
Without loss of generality, we assume that this aedn
maximizing product comes from NEnd SF.

us(x,0,..,0= C, andv(y)=t, (> y,0,..,0y )is the
maximum consumer demand for service provider gtiesiti
y . This yields an analogous expression for service

provider prices:

Lemma 8: Under linear demand and the single best product
assumption, service provider prices are

=V (o % )=BL X

We may (uniquely) choose a separation of our demandThe proof is symmetric to that of the previous lesmm

function, t; (x,y) =u"" (x) +v""(y) so the second term is
zero whenever the demand-maximizing product isottlg
one being soldv,"(y,,0,..0)= 0 for all y,. u™ can be
interpreted as the maximum consumer demand fovengi
set of network quantitiesx, achieved by matching all
networks with service 1y =1,(,...% > %,0,...,0.
We let the slope of demand for the demand-maximizin

product be-3, sou* (x,0,...,0)= 8 (N- x ).

Taken together, these lemmas suggest that theitles sf

the market interact by imposing a straightforwarite on
each other. Since the two sides are in a vertical
arrangement, this is exactly the type of relatigmsive
naturally expect. A further example will clariflyis point.

Example 1. If there is exactly one network provider and
one service provider with linear demand, the tvaedi
Cournot game is isomorphic to a price competitiamg, in

which NP, and Sk simultaneously select pricds and S,

Lemma 7: Under linear demand and the single best productrespectively, and demand is given by the inversaahe

assumption, network provider prices are
= (00,0 %, )_IBZS/, .
Proof: From the proof of the previous theorem, we

know thatr, =u, +c, wherec is linearly determined by
its intercepts according to (17). Furthermore,knew
that c(O,Zyj) is the unique value such that the

maximum profit to the network providers ov§r: >”<i =0

is zero. By assumption, this maximum profit isaaied
by selling network 1 by itself,

maxs- ;X =u”(N=-> %.0,..,0rc (0 Y
=B 9, +0.> %)
Setting this to zero yields(0,> §,)=-8>_ ¥ .

Similarly, C(ZX,O) is the unique value such that the

(19)

maximum profit to the service providers OVE’ 9,- =0

is zero. Again, this maximum profit is attained by
selling service 1 by itself,

— NP NS A 2
maxz)‘,Jzoy]% _\{\‘ (N ZX!OY!O)*- CE |X,O(20)
=0+c(3.%.,0)

Setting this to zero, we haw&) % ,0)=0.
Extending ¢  according to a7 yields,
QX 29 =-B2Y : S0,
r=u+c=y""-B> Y, as requiredo
Alternately, let  u¥=y™-B(N-> x) and
v?=v"+B(N->y) to obtain a new separation of

demand, such that

) =uT ) +vTly)

function, t, " (r, +s,) .

Proof: Define bijectiong:R - R, ¢X) = Bx which
takes quantity restrictions to prices. Then foatsgy

point (X, ¥), the two-sided Cournot game yields prices
n=u (%) =B Y = B(x+ )-BY=BX :

s =V (W) =B X=Bx Y=L B"). And since
demand is fulfilled, we know
t,(M-X-y)=r+s=8(x+y) . Meanwhile, our
bijection yields the same set of pricegX) = 8X ,
Ay) = By, and demand in the price competition game
is computed as [ BX+BY]= N- %Y. Since both
prices and quantity are the same as in the twalside

Cournot game, payoffs are also unchanged. Thexefor
@ is an isomorphismo

This example shows that with monopolies on botlesiaf
the market, firms may simply select the prices tiogir
inputs, which are then added together. In padiguhe
combined product will be double-marginalized in Nas
equilibrium.  This behavior is exactly what we waul
expect for monopolists in a vertical arrangememid a
further validates our method for joining Cournotrges into
a two-sided market.

Proof sketch of Claim 1: Suppose that SPselects price
s;, and consider the ensuing subgame. Write H faxRis
action of selecting SPand L for the action of selecting
another service provider. Let,,a,bO{H, J be an NP’s
profit in the subgame if it selects action a, amel dther NP
selects action b. In general, it can be shown anaNP’s
profit always decreases when the other NP upgradése
new technology, saz,, <71, .



Suppose that LL is a Nash equilibrium in this subga
Then 7z, =2, , which impliesr, >, . Recall that our

solution concept requires the NPs to choose thiiledum
with the highest total profit. Thus, even if HHasother
Nash equilibrium, LL will be chosen. Hence, if;3&to
sell any service at all, LL cannot be an equilibriu

In subgame LL, the network providers receive prices
t, =t,; =1-X,—X,. Thisis a classic Cournot competition,

with the well-known equilibrium,
X =X =1/3, (21)
yielding profits 7z, =1/9.
If NP, plays H and NPplays L, NP profits are,
Ty =%(ty =) = % (1= (1=@) %= %~ 9)
Ty = %oty = % (1= % = %) ,

with first-order conditions,

(22)

0=-2(1~aj+1-%-§ (23)
0=-2x,+1-x% '

which can be solved to give,

_1-25

_1-Z+g
3-4a’

34

X, (24)

yielding profits,
1-25 )’ -2o+5)
m, =@1- a)[ﬁj Thy = [3_—47%] (25)

This holds as long ax, >0, which can be confirmed for

the range ofo we are investigating. For $B® sell
anything, we must have,, =7, , or

1 3-4a
<—- 26
S o (26)
In subgame HH, NP profits are,
Ty =%ty =8) = % (1= Q-a)(x+ %)~ 9) 7
7TNP2 = Xz(tzl_ 51) = Xz(l_ (1_‘7)()(1"' Xz)_ ﬁ),
With equilibrium,
1-s
=% = 28
=% =g (28)
Yielding profits,
_(@-s)
=— 29
Tl o(-a) (29)

We may check that (26) implies,, > 77, , so as long as
SP, sets its price low enough to attract one NP, thero
will follow. We may also check that settirgy below this

maximum value only lowers $B profit, so it is, in fact, the
equilibrium value. SPs profit is then

_ 150 - 16

Since service providers earns zero profit in theelezase,
this is also SPs incentive to investo

Proof of Claim 2: In the base case, the service providers

are identical and in price competition, so theyl wilmpete
prices down to zero. The network providers thereinge
prices, t,; =t,, =1-x,-X,. This is a classic Cournot

competition, with the well-known equilibrium,

X =X, =1/3, (31)
and equilibrium profits for the SPs and NPs are,
Tlsp =0, Myp =1y =1/9. (32)

After a network upgrade, the service providers iama
identical, and will compete prices down to zesp=0 for

all j. Network provider profits are then,
”Na = Xl(l_ (1_0'))(1_ Xz)
Mo, =% (1= =%)

With first-order conditions,

(33)

1-% 1-x
= , % =max —=,0|. 34
T Lol FCY
These can be solved for the equilibrium,
a<l1/2 _ 1 _1-2a
N3 3o
- l-a . _(-2aY
"o@-4ay ™ (3-4ay
azll/2 _ 1 -0 7. = 1 =0
T oy 2T e T gy e

Subtracting NiPs profit in the base casel(9) from 7,
yields the required incentive to upgrade the nektwar

Proof of Claim 3: For a service innovation of strength
we may compute,

u =1-1-a)) x
wr=lvay, =Dy (35)
vP=1-> 1y, 71
Service providers with the base technology recpiiees,
s, =) -Q-a)Y X =1-3 y - @-a)) k (36)
If y, <1- (1—0')22 , the supply of the base service
technology will rise during free entry until itsige is zero:

Zyj =1- yl‘(l—ﬂ)zx (37)

j#L

The price of service 1 will then be,




s=ltay-) y--a X=ay,
which is strictly increasing iry,. Therefore,y, can never
fall in this range in equilibrium.

(38)

If ylzl—(l—a)zx , then the base service technology

will receive a negative price for any positive siypand all
base technology service providers will exit the kear SR
will then receive price and profit,

s =¥ -1-a)) X =1-(-a)(y+) %)
Tgp = Y18 = M(l_ (1_a)(yl+z A)|())

1-@1-a) %
2(1-a)

(39)

This attains its maximum a, =

For, a=1/2 this falls within the permissible range of
quantities,y, 21— (1—0')22 , and is the equilibrium value
of vy, .

permissible range, and so SP1 will set quantity high
enough to drive all other service providers from tharket,

1-1-a) %, a<1/2

For a<1/2, mg decreases throughout the

=l1-(1- X 40
A ) N S (40)
21-a)
Next, network provider profits are,
e = %1 =% (U0 -@-a)) 5,
" x(y > J), )

=x(1-@-aX % -@a)y ¥)
which gives two first-order conditions,
1--ax - 1-a) X x+X9)=0i0 {2 (42)
These can be solved to give,

_ 1-(-a).y
31-a)

(43)
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Combining (40) and (43), we may derive; SProfit,

(BfC;)z, a<l/2

T =1, (44)
—, a=21/2
25(1-a)

Since SPearns zero profit in the base case, its profihis
equilibrium is also its incentive to invest.

Proof sketch of Claim 6: We need to introduce a technical
assumption to prove this claim. Whérer, >r,, the

service providers will have two possible equilibrame in
which they all select network 1, and one in whibbyt all
select network 2. Because free entry drives servic
provider profits to zero in either configuratiohetSPs are
unable to distinguish between these equilibria. Wik
assume that firms choose the equilibrium that atefin
number of SPan, would prefer.

For NP prices,, r,, SPs receive prices,

t, =1-(-a) X —n, t; =1-x-X,—1, (45)

It can be checked that both networks cannot beligapin
equilibrium, or an SP will want to switch from netik 2 to
network 1. Total SP profit if all select networkriay be

L-r)y
1-a)m+17"
network 2,271’55, =(1-r,)° /(m+1)*. Price competition

computed asz Ty = and if all select

yields the equilibriumy, =1-+/1-a,r, = 0. Free entry
drives the final price down tg; =r,, so NR makes profit,

nd-@-ay,)=-1+1~N1a, as requiredo



